A 1 and A2A receptor subtypes modulate metabolism in adult mammals. This study was designed to determine the role of these receptors in regulating plasma levels of insulin, glucose, and lactate in 20 chronically catheterized fetal sheep (Ͼ0.8 term). In normoxic fetuses (Pa O 2 ϳ24 Torr), systemic blockade of A1 receptors with DPCPX (n ϭ 6) increased plasma concentrations of insulin, glucose, and lactate, but antagonism of A 2A receptors with ZM-241385 (n ϭ 5) had no significant effects. Intravascular administration of adenosine (n ϭ 9) reduced insulin concentrations and elevated glucose and lactate levels. DPCPX (n ϭ 6) augmented the glycemic and lactatemic responses of adenosine. In contrast, ZM241385 (n ϭ 5) virtually abolished adenosine-induced hyperglycemia and hyperlactatemia. Isocapnic hypoxia (Pa O 2 ϳ13 Torr) suppressed insulinemia and enhanced glycemia and lactatemia, but only the hyperglycemia was blunted by blockade of A1 (n ϭ 6) or A2A (n ϭ 6) receptors. We conclude that 1) endogenous adenosine via A1 receptors depresses plasma concentrations of insulin, glucose, and lactate; 2) exogenous adenosine via A2A receptors increases glucose and lactate levels, but these responses are dampened by stimulation of A1 receptors; and 3) hypoxia, which increases endogenous adenosine concentrations, induces hyperglycemia that is partly mediated by activation of A1 and A2A receptors. We predict that adenosine, via A1 receptors, facilitates at least 12% of glucose uptake and utilization in normoxic fetuses. fetus; hypoxia; metabolism; growth; placenta ADENOSINE REGULATES GLUCOSE metabolism in mammals through several mechanisms that include inhibiting insulin secretion by islet cells, altering insulin transduction, and facilitating intracellular glucose transport. Interstitial levels of adenosine increase substantially in hypoxia, hypoglycemia, or heightened cellular metabolism that can occur through intense neuronal activity or skeletal muscle contractions. The physiological effects of adenosine are mediated through activation of G protein-liganded cell surface receptors that are subdivided into four adenosine receptor subtypes: A 1 , A 2A , A 2B , and A 3 (45). These receptors are connected to classical second-messenger pathways that modulate intracellular cAMP production, phospholipase C pathway, and mitogen-activated protein kinases (45, 46) . With regard to cAMP, stimulation of A 1 receptors, via inhibition of adenylyl cyclase, generally inhibits intracellular cAMP synthesis, while activation of A 2A and A 2B receptors has the opposite effects.
Glucose promotes A 1 and A 2A expression in rat cardiac fibroblasts, while insulin suppresses the expression of A 1 and A 2B receptors (11) . Insulin also facilitates the equilibrative transcellular movement of adenosine through stimulation of nucleoside transporters in human umbilical vein endothelial cells (37) . Adenosine, in turn, inhibits insulin release via activation of islet A 1 receptors (21, 51) . Stimulation of A 1 receptors also enhances glucose uptake in tissues through mechanisms that are both dependent and independent of insulin (1, 34, 46) . Thus, glucose and insulin can either amplify or blunt the metabolic effects of adenosine receptor activity, depending on the direction and extent of changes in their respective concentrations.
The expression of adenosine receptor subtypes (41, 52) , and probably their modulation by substrate and insulin, is developmentally regulated, so that the function of adenosine receptors may differ quantitatively and qualitatively in the fetus compared with that in the adult. Moreover, plasma adenosine concentrations in the fetus are four-fold greater than those in the adult (26, 44) , which raises the question as to whether adenosine has a more prominent role in fetal glucose metabolism.
Acute hypoxia (Pa O 2 ϳ15 Torr) rapidly increases fetal plasma levels of adenosine (26) , which contributes, directly and indirectly, to many hormonal, cardiovascular, and behavioral adaptations that are critical for fetal survival in short periods of acute oxygen deprivation (2, 5, 27, 28, 29, 30, 32, 39) . Hypoxia also lowers fetal plasma concentrations of insulin, while it raises levels of glucose and lactate (22, 26) . Adenosine, via the A 1 receptor, facilitates glycolysis in normoxic adult tissues in vitro (53) ; thus, adenosine may also be involved in fetal metabolic responses to acute O 2 deficiency (25) . This study was designed to test the hypothesis that adenosine (ADO) A 1 and A 2A receptors participate in the regulation of fetal plasma concentrations of insulin, glucose, and lactate under both normoxic and hypoxic conditions.
MATERIALS AND METHODS
The Chancellor's Animal Research Committee approved the surgical procedures and experiments involved in this study. Twenty pregnant ewes (Rambouillet-Columbia cross), anesthetized with halothane, underwent aseptic surgery at about 120 days of gestation (ϳ0.8 term). Polyvinyl catheters (ID: 1.0 mm, OD: 2.0 mm) were inserted into the right brachiocephalic artery, right external jugular vein, and right carotid artery of the fetus, and another was placed in the amniotic sac (32) . Tetracycline (15 mg/kg) was injected intramuscularly in the ewe immediately prior to surgery, and ampicillin (500 mg/l lactated Ringer solution) was infused into the amniotic sac after the comple-tion of surgical procedures and on the first postoperative day. Buprenorthine HCl (0.01 mg/kg body wt) was administrated to the ewe intramuscularly for postoperative analgesia.
The studies were begun at least 4 days after surgery under chronic experimental conditions, when fetal metabolic homeostasis had virtually recovered. The effects of adenosine receptor agonists and antagonists were compared with those of the respective vehicle, which controlled for metabolic changes that might have occurred independently of adenosine. These infusions were performed in varied order and on separate days to minimize the potential for carry-over effects.
Normoxia Endogenous Adenosine
Potent, highly selective, and specific antagonists of adenosine A 1 and A2A receptors were administered to determine the metabolic effects of these receptor subtypes. The administration protocol of these agents was the same as that used to block A 1 and A2A receptors in fetal sheep that are involved in sleep state and cardio-respiratory regulation (27, 28) ; moreover, the dosages are consistent with the greater potency of these highly selective receptor antagonists over nonselective adenosine receptor antagonists that block the release of fetal hormones (6, 30, 39) .
A 1 receptor. A highly specific and selective A1 receptor antagonist, 9-cyclopentyl-1,3-dipropylxanthine (DPCPX; Tocris Cookson, Ballwin, MO), was dissolved in 0.04 M 2-hydroxypropyl-␤-cyclodextrin (Sigma Aldrich, St. Louis, MO) and 0.2 N NaOH (50:50, vol/vol) and diluted with saline to a concentration of 2.5 mg/ml. The antagonist was infused intra-arterially at 1.2 mg⅐min Ϫ1 ⅐kg Ϫ1 for 10 min, which was followed by a maintenance rate of 0.24 mg⅐min Ϫ1 ⅐kg Ϫ1 for 50 min. A2A receptor. ZM-241385 (Tocris Cookson), a highly selective and specific blocker of A2A receptors, was dissolved in polyethene glycol 400 and 0.1 N NaOH (50:50, vol/vol) and diluted with saline to 0.66 mg/ml. The antagonist was infused intra-arterially at 0.65 mg ⅐ min Ϫ1 ⅐ kg Ϫ1 for 10 min, and subsequently at 0.056 mg ⅐ min Ϫ1 ⅐ kg Ϫ1 for 50 min.
Adenosine
A second series of experiments was performed in normoxic fetuses to determine the effects of exogenous adenosine on circulating levels of insulin, glucose, and lactate. Specific antagonists of A 1 and A2A receptors were subsequently used to determine whether these receptors were involved in fetal metabolic responses to adenosine.
Adenosine. Adenosine (Sigma-Aldrich) dissolved in saline was infused (250 g ⅐ min Ϫ1 ⅐ kg Ϫ1 ) for 1 h into the external jugular vein of the fetus. This dose of adenosine increases fetal plasma concentrations of adenosine to levels that have been measured in hypoxic fetal sheep (26, 39) .
A 1 receptor blockade. Adenosine was administered intravenously while simultaneously infusing intra-arterially DPCPX.
A 2A receptor blockade. Adenosine was infused intravenously along with intra-arterial administration of ZM-241385.
Hypoxia
In a third series of experiments, fetal hypoxia was induced to establish whether a rise in endogenous adenosine levels contribute to the metabolic perturbations of acute O 2 deprivation. Isocapnic hypoxia was induced in the fetus by having the ewe breathe a hypoxic gas mixture (9% O 2, 3% CO2, 88% N2) for 1 h. Hypoxia experiments were performed with and without intra-arterial administration of an A1 or A2A receptor antagonist or their respective vehicles, as described previously (27, 28 ).
Blood Samples
Preductal arterial blood for analysis was withdrawn in the control period, after 10, 30, and 60 min of infusion and after 10 and 30 min of recovery. Arterial blood gases and pH were determined using blood gas electrodes (model 1304; Instrumentation Laboratories, Lexington, MA) with measurements corrected to fetal temperature (39.5°C).
One milliliter of blood was placed in iced tubes (Becton Dickinson, Franklin Lakes, NJ) that contained potassium oxalate, an anticoagulant, and sodium flouride, an inhibitor of glycolysis. The blood samples were centrifuged at 4°C, and the separated plasma was stored at Ϫ80°C until analysis. Plasma glucose and lactate concentrations were measured in duplicate by glucose oxidase techniques and lactate oxidase methods, respectively (Yellow Springs Instruments 2700 SELECT Biochemistry Analyzer; YSI, Yellow Springs, OH), with a precision of 2% for both analytes. Plasma insulin concentration was measured in duplicate by radioimmunoassay with reagents from Linco (St. Charles, MO). Intra-and inter-assay coefficients of variance were 6 and 8%, respectively.
The data for each animal were divided by its control value (0 time) to provide standardization for statistical comparisons. The area under the standardized plot for each animal (area under the curve, AUC) was also calculated over the 60 min of infusion. Areas are expressed in units of concentration ratio ⅐ min (CRmin). The mean response profiles over time were compared by repeated measures of ANOVA with post hoc comparison of means by Tukey-Fisher least significant difference criterion. Mean AUC comparisons were made by paired t-tests. Differences were significant at P Յ 0.05. Values reported are expressed as means Ϯ SE.
RESULTS
All experiments were conducted in fetuses with normal arterial blood gases and pH, which were not significantly altered by vehicle administration. The ranges of the mean concentrations for all measurements before the start of infusion were 0.40 -0.53 M for insulin, 0.86 Ϫ1.01 mM for glucose, and 1.25-2.11 mM for lactate. With respect to measurements at time 0, the means for control (vehicle) experiments did not differ significantly from those for administration of the respective adenosine receptor antagonists.
Normoxia and Endogenous Adenosine
A 1 receptor blockade. Vehicle infusion (n ϭ 6) did not significantly alter plasma levels of insulin, glucose, or lactate. DPCPX did not significantly alter preductal arterial blood gases or pH. The following summarizes the metabolic effects of DPCPX.
INSULIN. Insulin concentrations rose by at least 20% with DPCPX infusion, although they were not significantly greater than the respective vehicle levels, which increased by ϳ10% (Fig. 1) . The AUC for the insulin concentration ratio over the 60 min of infusion was greater for DPCPX than for vehicle (Table 1) , which was of borderline significance (P ϭ 0.06).
GLUCOSE. Plasma glucose levels, which rose sharply by ϳ14% within 10 min of the start of the DPCPX infusion, remained elevated throughout DPCPX infusion and recovery ( Fig. 1 ). This rise in glucose concentrations was also significantly greater than that for vehicle infusion. The AUC for DPCPX was significantly greater than that for vehicle (Table 1) .
LACTATE. DPCPX increased lactate levels by ϳ36% by the end of infusion, an elevation that persisted through recovery ( Fig. 1) . Lactate levels for DPCPX were significantly greater than for vehicle after 60 min of infusion, although the AUC for both infusions did not differ significantly (Table 1) .
A 2A receptor blockade. Infusion of ZM-41385 in six fetuses altered neither fetal Pa O 2 , Pa CO 2 , and pH nor plasma levels of insulin, glucose, and lactate.
Normoxia and Exogenous Adenosine
No antagonist. Adenosine (n ϭ 9) did not significantly change mean Pa O 2 or Pa CO 2 , but it significantly lowered fetal arterial pH from 7.343 Ϯ 0.006 (time 0) to 7.314 Ϯ 0.009 by the end of infusion (P ϭ 0.01).
INSULIN. Adenosine reduced plasma insulin concentrations by up to 33%. When the infusion was stopped, insulin levels rapidly rose to levels ϳ50% greater than control (Fig. 2) .
GLUCOSE. Adenosine increased mean glucose levels by up to ϳ27% (Fig. 2) , and these concentrations were significantly greater than for vehicle infusion.
LACTATE. Mean plasma lactate concentrations rose progressively to a peak increase of ϳ90% by the end of the adenosine infusion, which was maintained through the 30-min recovery (Fig. 2) .
A 1 receptor blockade. DPCPX or vehicle was infused intraarterially in six fetuses that received simultaneously an intravenous infusion of adenosine. In vehicle studies, adenosine reduced mean pHa without altering Pa CO 2 and Pa O 2 , as previously described, and DPCPX did not alter these effects.
INSULIN. Adenosine with vehicle depressed insulin levels, although the decline did not reach statistical significance (Fig. 3A , Table 1 ). Insulin concentrations increased significantly after the adenosine infusion had been stopped (Fig.  3A) . DPCPX did not significantly alter insulin responses to adenosine.
GLUCOSE. In these experiments, the adenosine-induced increase in glycemia did not reach statistical significance, although post-infusion levels did so (Fig. 3A) . DPCPX enhanced the glycemic response to adenosine, which resulted in a significantly greater proportional increase in glucose levels after 30 min of infusion compared with control, although this concentration did not differ significantly from that for adenosine with vehicle. But the AUC over the hour of infusion of adenosine with DPCPX was significantly greater than for adenosine with vehicle (Table 1) .
LACTATE. The A 1 receptor antagonist significantly enhanced the lactatemia induced by adenosine, with lactate concentrations greater than both preinfusion values and time-matched levels for adenosine with vehicle infusion (Fig. 3A) .
A 2A receptor blockade. Adenosine was infused to five fetuses that were simultaneously administered ZM-241385 or vehicle. Again, adenosine with vehicle induced a metabolic acidemia without altering PO 2 or Pa CO 2 . Mean pHa at 10 [7.330 Ϯ 0.010, ZM-241385 (ZM); 7.302 Ϯ 0.010, vehicle (V), P ϭ 0.01] and 30 min (7.321 Ϯ 0.015, ZM; 7.294 Ϯ 0.008, V, P ϭ 0.003) after the start of ZM-241385 infusion was significantly greater than the respective values for adenosine with vehicle, although the mean value at 60 min was not (7.301 Ϯ 0.005, ZM; 7.278 Ϯ 0.007, V, P ϭ 0.21). Pa O 2 and Pa CO 2 were unchanged.
INSULIN. The experiment-to-control concentration ratio for insulin declined during infusion of adenosine and vehicle, as Number in parentheses represents the number of fetuses. ADO, adenosine. Area under the curve is presented as concentration ratio ⅐ min. described previously (Fig. 2) , although this fall was not significant in these experiments (Fig. 3B, Table 1 ). The insulin concentration ratio also increased postinfusion.
A 2A receptor antagonism blocked the adenosine-induced decline in the insulin concentration ratio, although this effect did not reach statistical significance (Table 1, Fig. 3B ). ZM-241385 prevented the hyperinsulinemia that developed after the adenosine infusion had been terminated.
GLUCOSE. The administration of adenosine with vehicle was associated with a significant rise in plasma glucose concentrations, as previously observed (Fig. 2) , which was abolished by the A 2A receptor antagonist (Fig. 3B, Table 1 ).
LACTATE. ZM-241385 abolished the increase in lactate levels that were induced by adenosine (Fig. 3B, Table 1 ).
Hypoxia and Endogenous Adenosine
A 1 receptor blockade. Hypoxia was induced in six fetal sheep that were administered DPCPX or vehicle.
ARTERIAL BLOOD GASES AND PH. Isocapnic hypoxia was virtually identical for vehicle and DPCPX, with mean Pa O 2 decreasing from the control of ϳ23 Torr to ϳ13 Torr. Mean arterial pH fell significantly from 7.331 Ϯ 0.009 at time 0 to 7.118 Ϯ 0.043 (P Ͻ 0.0003) after 60 min of O 2 deprivation. Mean pH also fell progressively to 7.165 Ϯ 0.026 after 60 min of hypoxia with DPCPX administration, a decline that did not differ significantly from that for vehicle.
INSULIN. Hypoxia depressed the insulin concentration ratio by up to 40% (to 0.59 Ϯ 0.08, P ϭ 0.23), with a rise in recovery to levels that were twofold greater (P Ͻ 0.0002) than unity at time 0. DPCPX did not alter the hypoxia-induced depression of insulin levels (Table 2) or the posthypoxia rise.
GLUCOSE. The mean ratio of plasma glucose levels increased two-to threefold in the last 30 min of O 2 deficiency (Fig. 4A) . DPCPX attenuated the hypoxia-induced rise in glucose at 30 min but not at 60 min. The difference in mean AUC for DPCPX did reach statistical significance (P ϭ 0.15), as shown in Table 2 .
LACTATE. Hypoxia increased the mean lactate concentration ratio by nearly eight-fold, and DPCPX did not alter this hyperlactatemia (Table 2) .
A 2A receptor blockade. ZM-241385 or vehicle was administered to six fetuses in which isocapnic hypoxia (⌬Pa O 2 , Ϫ10 Torr) had been induced for 60 min.
ARTERIAL BLOOD GASES AND PH. ZM-241385 did not reduce the hypoxia-induced decline in mean arterial pH, which fell to levels similar to those for DPCPX experiments.
INSULIN. ZM-241385 did not alter the ϳ40% reduction in insulin levels that occurred in hypoxia with vehicle infusion.
GLUCOSE. A 2A receptor blockade attenuated the rise in the mean glucose concentration ratio throughout hypoxia, although statistical significance was not achieved for measurements at specific times (Fig. 4B) . Analysis of the AUC, which better reflects the total glucose response, showed that ZM-241385 significantly blunted the hyperglycemia elicited by hypoxia (Table 2) .
LACTATE. ZM-241385 did not modify the hyperlactatemia of acute O 2 deficiency, which increased ϳ8-fold for experiments with the A 2A receptor blocker or its vehicle.
DISCUSSION
This study was performed to determine the role of adenosine A 1 and A 2A receptors in regulating fetal plasma levels of insulin, glucose, and lactate. The results provide new information that 1) endogenous adenosine, via A 1 receptors, tonically suppresses plasma concentrations of insulin, glucose, and lactate; 2) exogenous adenosine lowers insulin levels and raises glucose and lactate concentrations; 3) A 1 receptors attenuate the hyperglycemia and hyperlactatemia elicited by exogenous adenosine; 4) A 2A receptors promote the hypoinsulinemia, hyperglycemia, and hyperlactatemia triggered by exogenous adenosine; and 5) endogenous adenosine, via A 1 and A 2A receptors, contributes to hypoxiainduced hyperglycemia.
Insulin
Insulin enables glucose to have priority over other substrates for oxidative processes, and it drives oxygen and glucose utilization by fetal skeletal muscle without altering lactate production (18, 35) . Insulin sensitivity to glucose in the fetus is the same as in the adult, but the equilibrium set-point is shifted to lower glucose concentrations that favor glucose transfer to the fetus (18) .
Normoxia and endogenous ADO. A 1 receptor blockade increased circulating insulin levels, which is consistent with a tonic depression of insulin secretion by islet cells and/or an increase in insulin clearance. ZM-241385 did not alter insulin levels; thus, A 2A receptors are not significant modulators of insulin levels under these conditions.
Normoxia and exogenous ADO. In our previous work, similar rates of adenosine infusion increased fetal plasma epinephrine and norepinephrine concentrations, probably indirectly via stimulation of adenosine A 2A receptors associated with activation of the carotid bodies and subsequent stimulation of adrenergic pathways (24, 25, 29) . Sympathetic activity inhibits fetal insulin release through activation of ␣ 2 -adrenergic receptors that modulate islet cell function (19) . Thus, the adenosineinduced reduction in insulin levels in the present study is consistent with an A 2A receptor-mediated activation of sympathoadrenal pathways, which, in turn, blunt insulin release (13, 22, 29) , although other effects of A 2A receptor activation cannot be excluded.
Hypoxia and endogenous ADO. Low O 2 tensions also inhibit fetal insulin release via hypoxia-induced rise in adrenergic activity (20, 22) . Neither DPCPX nor ZM-241385 changed the depressant effects of hypoxia on plasma levels of insulin; thus, neither A 1 nor A 2A receptors are critical modulators of autonomic influences on insulin levels under these conditions.
Glucose
In sheep, glucose is almost entirely of endogenous origin, because the rumen converts dietary carbohydrates to shortchain fatty acids. As a result, maternal glucose and insulin levels remain relatively steady throughout the day (38) . The placenta, a highly metabolically active exchange organ, facilitates glucose transfer from the maternal circulation to the fetus via glucose transporters (GLUT). The rate of glucose transfer to the fetus, which is 4 -6 mg⅐min Ϫ1 ⅐kg fetal weight Ϫ1 , increases about 10-fold over the last half of gestation. About 60% of the rise results from facilitated transfer capacity by the placenta with the balance due to lower fetal glucose concen- trations caused by increased fetal insulin levels and sensitivity (16) . In sheep, both umbilical glucose uptake and fetal growth diminish toward term in coincidence with the rise in cortisol that precedes parturition. Fetal glycemia is totally dependent upon placental delivery, because virtually no glucose is released in the unstressed fetus until immediately before term (16) . The relatively uniform plasma glucose and insulin concentrations in the fetal sheep reflect the virtual absence of prandial effects on maternal glucose levels. Besides placental glucose transfer, fetal plasma glucose concentrations are regulated by insulin release from pancreatic islets, glucose utilization, and hepatic storage, and glucose production. Overall, glucose accounts for ϳ50% of fetal metabolic rate (16, 35) , with the central nervous system (an insulin-independent organ) consuming up to 20% of the glucose utilized in sheep and up to 75% in human fetuses.
Normoxia and endogenous adenosine. In the present study, endogenous adenosine, via A 1 receptors, depressed fetal glucose concentrations, as shown by the rise in glycemia that was evident within 10 min after A 1 receptor blockade was established. Over all, mean fetal glucose levels in the hour of normoxia with A 1 receptor blockade increased by ϳ14% over control values, which would have been even greater had insulin concentrations not also risen concomitantly by ϳ22%. A 1 receptors suppress glycemia by facilitating glucose deposition through enhancement of GLUT4 capacity and promotion of glucose utilization in adult tissues (1, 6, 14, 34, 53) ; and these mechanisms are likely involved in lowering fetal glucose concentrations.
The involvement of A 1 receptors in glucose disposal has relevance to the net transfer of glucose across the placenta through its depressant effects on fetal glycemia. Assuming maternal levels remain constant, the lower fetal glucose levels mediated by A 1 receptors increases the glucose concentration gradient across the placenta, which enhances glucose transfer from mother to fetus. The data from the present study suggest that fetal A 1 receptors boost the rate of placental transfer and fetal utilization of glucose by ϳ12% (17, 36) . This is a conservative estimate because the rise in insulin levels with A 1 receptor blockade blunted the increase in glycemia (20) . These calculations assume a maternal arterial plasma glucose level of 3.89 mM (17, 36) and no other effects of DPCPX on placental glucose transport.
Glucose uptake by skeletal muscle is normally limited by insulin-stimulated glucose transport (9), a process that is enhanced by adenosine via sarcolemmal A 1 receptors in active skeletal muscle in vitro (8, 14, 47, 50) . Adenosine also promotes glucose transfer in resting skeletal muscle, although not all studies have demonstrated this effect (8, 14, 47, 50) . Adenosine augments insulin-stimulated glucose transport in heart muscle and adipocytes (33) , with an additional insulinindependent mechanism proposed for myocardium (1) . In rodents, the effects of A 1 receptor blockade on glucose uptake with a euglycemic hyperinsulinemic clamp can differ qualitatively and quantitatively in the liver, skeletal muscle, and adipose tissue (7) . Nonselective blockade of adenosine receptors by caffeine reduces glucose uptake by 24 -50% in sedentary and exercised human subjects under a hyperinsulinemiceuglycemic clamp (11, 46) .
Normoxia and exogenous adenosine. DPCPX augmented the hyperglycemic response to adenosine without reducing insulin levels, which is further evidence that A 1 receptors are involved in whole-body glucose disposal in the fetus. Contrarily, ZM-241385 abolished adenosine-induced hyperglycemia, indicating involvement of A 2A receptors. An indirect effect through stimulation of sympathetic activity and catecholamine release probably is involved in the first 10 min of adenosine infusion when epinephrine levels would be expected to approach threshold levels for raising fetal glucose concentrations (29, 40, 46) . Activation of A 2A receptors suppresses macrophage production of tumor necrosis factor-␣, a cytokine known to be involved glucose homeostasis (15) . Further studies should be performed to explore whether the depressant effects of adenosine on cytokine release modulate fetal plasma glucose responses to hyper-adenosinemic states.
Exogenous adenosine has other noteworthy effects on fetal metabolism. For example, it decreases fetal O 2 consumption via stimulation of A 1 receptors (2, 23). Activation of central adenosine A 2A receptors that inhibit fetal breathing activity also contributes to the reduction in O 2 consumption (28) .
Hypoxia and endogenous adenosine. Hypoxia initially increases fetal glucose levels by reducing glucose consumption and by inhibiting insulin release, which results from an elevation in splanchnic nerve activity and plasma catecholamine concentrations. Subsequently, hepatic glycogenolysis contributes to the glycemia (22) . Exogenous adenosine also elevates fetal glycemia, which raises the question as to whether high endogenous levels of adenosine associated with O 2 deficiency are involved in hypoxia-induced hyperglycemia. This study indicates that activation of both A 1 and A 2A receptors contribute to the hyperglycemia of acute O 2 deprivation.
Lactate
Intracellular glucose metabolism includes storage as glycogen or fat, oxidation, and production of lactate. The placenta in early gestation (ϳ0.5 term) produces very little lactate; but, near term, about 30% of glucose uptake by the placenta is converted to lactate, of which 60% enters the fetal circulation (16) . The high aerobic production of lactate by the placenta and fetal skeletal muscle results in much higher plasma lactate levels in the fetus than in the adult; and this lactate concentration difference persists across species (4, 16) . Driving about 15-20% of total fetal metabolism, lactate is an important carbon source for metabolism in the heart, liver, and adipose tissue of the near-term fetus (16) , and, in glucose-deficient states, lactate can substitute for glucose as a substrate for brain metabolism (49) .
Normoxia and endogenous adenosine. A 1 receptor blockade significantly increased fetal lactate concentrations in the latter half of DPCPX administration, with maintenance of high levels in the recovery period. The delayed rise in lactate concentrations is consistent with an indirect depressant effect of A 1 receptors through modulation of lactate production and/or metabolism.
Normoxia and exogenous adenosine. Intravascular administration of adenosine greatly elevated lactate concentrations via activation of A 2A receptors. The high lactatemia most likely resulted from enhanced glycolysis, although a decline in lactate uptake and metabolism cannot be excluded. The major sources of lactate (e.g., skeletal muscle, heart, liver, placenta) under these conditions have yet to be determined.
Hypoxia and endogenous adenosine. Hypoxia elicits a dosedependent rise in fetal lactate concentrations, when Pa O 2 declines by as little as 5 Torr (48) . A major source of fetal lactate in normoxia, the placenta becomes an important site of lactate clearance from the fetal circulation in hypoxia (12, 19) . In acute fetal O 2 deprivation, hyperlactatemia arises from ␤-adrenergic stimulation of muscle glycogenolysis by catecholamines, as well as from direct effects of tissue hypoxia (22) . Significant gluconeogenesis from lactate does not occur, although it may become a source of glucose upon depletion of hepatic glycogen stores (42) .
Nonselective antagonism of adenosine receptors does not alter hypoxia-induced increases in lactate concentrations in fetal plasma (13) . The present work with potent, highly selective and specific blockers of A 1 and A 2A receptors reveals that neither of these adenosine receptor subtypes is significantly involved in modulating fetal plasma lactate concentrations in acute O 2 deprivation.
Limitations
We have restricted the study to the most commonly studied A 1 and A 2A receptor subtypes for which highly selective and specific antagonists are available (27) . We have not examined the potential contribution of A 2B or A 3 receptors or excluded endocrine and metabolic effects that are secondary to perturbations in blood flow. As a regulator of adenylyl cyclase, adenosine could indirectly alter metabolism through effects on catecholamine release or other endocrine perturbations. In hypoxia, the relative contribution of adenosine to glycolysis and lactic acid production may depend on the extent of fetal oxygen availability; thus, further studies should investigate the potential metabolic effects of endogenous adenosine in graded hypoxia. Further studies should also be performed to determine the role of fetal adenosine receptors in the release and/or clearance of insulin, glucose, and lactate.
Although maternal levels of insulin, glucose, and lactate were not measured, the stable fetal concentrations in control experiments indicate that maternal metabolite levels did not significantly change over the experimental hour. Placental transfer of the adenosine receptor antagonists to the maternal circulation potentially could change maternal levels of insulin and metabolites that, in turn, could alter fetal concentrations. Such indirect, maternal effects on fetal measurements are very unlikely. Both the time required for placental passage and the dilution of transferred antagonist by larger maternal blood volume, which is ϳ14-fold greater that of the fetus (3, 43) , are not consistent with the rapid time course of changes in fetal glucose levels that occurred in these studies. The ovine placenta is effectively impenetrable to insulin.
Adenosine concentrations have been measured in fetal plasma and in brain extracellular fluid (26, 31) but not in the interstium of insulin-sensitive tissues. That adenosine levels are also elevated in the latter tissues is a reasonable assumption based on the low fetal PO 2 , a major factor regulating adenosine concentrations, and the high levels in plasma and the brain (26, 31, 44) .
DPCPX has a high degree of selectivity (Ͼ500-fold) for A 1 receptors relative to A 2A and A 3 receptors, with a moderate degree of selectivity relative to A 2B receptors. ZM-241385, which has a high degree of affinity for A 2A receptors, has moderate selectivity relative to A 2B receptors and has little or no interaction with A 1 and A 3 receptors. The selectivity of adenosine receptor antagonists is species dependent, but our previous work indicates that DPCPX and ZM-241385 can effectively separate the physiological actions of A 1 and A 2A receptors in sheep but less so relative to A 2B receptors (27, 28) . As with other pharmacological studies, these experiments do not eliminate the possibility of nonspecific effects of these adenosine receptor antagonists.
In summary, endogenous adenosine via A 1 receptors suppresses circulating concentrations of insulin, glucose, and lactate in normoxic fetal sheep. The lower glucose levels appear to reflect at least a 12% enhancement of placental transfer and fetal uptake. Exogenous adenosine increases plasma levels of glucose and lactate through activation of A 2A receptors, effects that are apposed by A 1 receptor-mediated mechanisms. Hypoxia-induced elevations in endogenous adenosine, via A 1 and A 2A receptors, help mediate the hyperglycemia of acute O 2 deficiency. Thus, adenosine promotes fetal growth via A 1 receptors and enhances the hyperglycemia of hypoxia by stimulation of A 1 and A 2A receptors.
